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Aromatic rescue of glycine in βb sheets
Jane S Merkel and Lynne Regan
Background: Glycine is an intrinsically destabilizing residue in β sheets. In
natural proteins, however, this destabilization can be ‘rescued’ by specific
cross-strand pairing with aromatic residues. Here, we present an experimental
study of this effect.
Results: Protein variants containing glycine and aromatic residues positioned
across β strands in both antiparallel and parallel orientations were studied. The
pairing of glycine and phenylalanine across antiparallel strands resulted in a
synergistic increase in protein stability. Dramatic differences in stability were
observed for the parallel β-sheet mutants, which were dependent upon the type
of site occupied by glycine as well as the type of aromatic residue with which it
was cross-strand paired.
Conclusions: Experimental results from a series of mutants suggest a
thermodynamic benefit for glycine–aromatic pairing across antiparallel
β strands, consistent with the prevalence of such pairs in natural proteins. We
also demonstrate the specificity of glycine–aromatic interactions across parallel
β strands, which defines strand register.
Introduction
In statistical surveys of proteins of known structure, amino
acids differ from one another in their distribution among α
helices, β sheets and β turns [1,2]. Several groups have
devised experimental systems in which to measure the
influence of each amino acid on the stability of a particular
secondary structural element. The first quantitative
experiments measuring β-sheet stability focused on single
solvent-exposed positions in peptides and small proteins.
In these studies, each of the 20 amino acids was substi-
tuted into the selected position and the influence on
β-sheet stability determined. In all cases, aromatic and
β-branched amino acids were found to be the most stabi-
lizing residues, whereas glycine and proline were the most
destabilizing, with an energetic cost of 1.2 kcal mol–1 for
replacement of alanine by glycine in the center of a β
strand [3–6]. Despite this energetic cost, glycine residues
are found within β sheets in a number of natural proteins.
Statistical surveys reveal that when glycine is found in a β
strand it is often cross-strand paired with an aromatic
residue [7–9]. This arrangement is observed in both
antiparallel and parallel β sheets. Antiparallel and parallel
β sheets have distinct hydrogen-bonding patterns [8,10,11]
that define the type of cross-strand pairing. In antiparallel
sheets, there are two types of cross-strand pairs. In a
hydrogen-bonded pair, the backbone amide and carbonyl
groups of both residues directly hydrogen bond to one
another across the strands. These pairs alternate with non-
hydrogen-bonded pairs, where cross-strand residues do not
hydrogen bond with one another. Instead, their amide and
carbonyl groups are oriented in the direction opposite to
that of their cross-strand partner. Aromatic groups appear
to interact with glycine between antiparallel strands,
where the backbone groups directly hydrogen bond to one
another [9] (Figure 1a). At such antiparallel hydrogen-
bonded sites, the aromatic residue adopts the gauche+ (g+)
χ1 rotamer. In this conformation, the aromatic sidechain
bends towards the cross-strand glycine and lays over it,
shielding the backbone from solvent (Figure 1a).
In parallel β sheets there is only one type of pair, but there
is a distinct asymmetry between the two sites that com-
prise the cross-strand partners. At the first site, the hydro-
gen-bonded site, a residue’s amide and carbonyl groups
form hydrogen bonds with the backbone of residues on
each side of its cross-strand partner. At the second site, the
non-hydrogen-bonding site, the residue’s backbone groups
point away from its cross-strand partner. Statistical studies
reveal a strong preference for glycine at the non-hydrogen-
bonding site to be paired with cross-strand phenylalanine
at the hydrogen-bonding site (Figure 1b) [12]. Such an
arrangement allows the aromatic sidechain of phenylala-
nine to bend toward the Cα of the glycine residue. The
‘reversed pair’ with glycine at the hydrogen-bonding site
and phenylalanine at the non-hydrogen-bonding site is not
frequently observed. In this case, the Cα of glycine points
away from the cross-strand phenylalanine. Phenylalanine
at the non-hydrogen-bonding site rarely adopts the
rotamer allowing interaction with glycine as none of the χ1
rotamers position the aromatic ring towards the cross-
strand glycine. In one of the rare examples of a
glycine–phenylalanine interaction, the aromatic sidechain
of phenylalanine bends towards glycine, disrupting the
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regular β-strand structure (Figure 1c). A second mode of
cross-strand interaction involves the aromatic residue in
the g+ χ1 rotamer. The Cβ is directed towards the cross-
strand glycine and makes van der Waals contact with the
Cα of the glycine residue. In these examples, the Cα–Cα
distance of the cross-strand residues is 1.02 (± 0.28) Å
closer than in the examples with non-interacting
sidechains. Thus, although intrinsically an extremely poor
β-sheet-forming residue, it appears that glycine can be tol-
erated if it is in effect ‘rescued’ by cross-strand pairing
with an aromatic residue. This type of discriminating
interaction, which depends on the precise location of the
glycine residue, could be important in establishing strand
register. It is therefore of great interest to determine
whether such cross-strand rescue can be achieved at
designed positions within a model experimental system.
Our experimental system is the B1 domain of Streptococcal
IgG-binding protein G [13], a small protein containing
both antiparallel and parallel solvent-exposed β structure.
Figure 2a,b shows a ribbon representation and the hydro-
gen-bonding pattern of the B1 fold [14] with the site used
to explore the pairwise interaction between antiparallel β
strands, and Figure 3a,b illustrates the analogous site for
the parallel study.
Results
Favorable interactions between antiparallel βb  strands
We measured cross-strand interactions between antiparal-
lel β strands at a hydrogen-bonded ‘guest’ site that has
been previously well characterized [3]. The guest positions
are 44 and 53 (Figure 2a). Surrounding these sites, the host
environment has both threonine and alanine substitutions
to minimize the influence of interactions between the
guest residues and the surrounding residues. On the
solvent-exposed face of the protein, threonine serves as
the intrastrand nearest neighbor at four positions (42, 46,
51 and 55) and alanine as the interstrand nearest neighbor
at position 6 (Figure 2a,b). We substituted glycine into the
internal guest position, 53, because earlier β-sheet propen-
sity studies demonstrated that the destabilizing effect of
glycine is greater at an internal site than an edge site [3–6].
Phenylalanine was substituted into the external strand
guest site at position 44. The set of mutant proteins we
made were F44G53, F44A53, A44G53, and A44A53 to allow cal-
culation of the interaction energy between glycine and
phenylalanine if a stabilizing effect was observed.
The CD spectra of the four mutants superimpose on that
of the parent B1 domain (Figure 2c). Thermal denatura-
tion curves of the four mutant proteins are shown in
Figure 2d. From these, we were able to determine the
melting temperature and the change in enthalpy upon
unfolding and calculate the change in free energy for
unfolding (see Table 1). Furthermore, we could calculate
any synergistic stabilization gained from pairing glycine
with phenylalanine in this fashion. We found that the
rescue of glycine by phenylalanine was observed in this
model system. The energy for the interaction of F44 and
G53 when together is –0.42 (± 0.13) kcal mol–1 calculated
at 25°C, and –0.58 (± 0.06) kcal mol–1 when calculated at
346 K (for comparison with previous work). This sidechain
interaction energy ranks amongst the highest associated
with pairs of noncharged residues on solvent-exposed
regions within β-sheet structure [15].
Rescuing glycine instability between parallel βb  strands
For these measurements, intrastrand nearest-neighbor
threonine residues at positions 4, 8, 51 and 55 and inter-
strand nearest-neighbor alanine residues at 15 and 44 sur-
round guest positions 6 (hydrogen-bonding site) and 53
(non-hydrogen-bonding site; Figure 3a,b). We substituted
a glycine–phenylalanine cross-strand pair into the parallel
450 Folding & Design Vol 3 No 6
Figure 1
Representative high-resolution protein
structure displaying the orientation of the
aromatic sidechain and the cross-strand
glycine residue. Oxygen is colored red and
nitrogen is colored blue. Backbone hydrogen
bonds are represented by dashed yellow
lines. (a) Antiparallel β sheet of a hydrogen-
bonded pair of cross-strand residues from
1plc (PDB accession code) residues 82 and
94. (b) Parallel β sheet with glycine at the
non-hydrogen-bonding position from 2fx2
residues 56 and 91. (c) Superpositioned
parallel β sheets with glycine at the hydrogen-
bonding position. The green residue pair,
from 1aco residues 353 and 387, shows that
glycine points away from the cross-strand
phenylalanine. The magenta residue pair,
from 1dea residues 38A and 134A, shows
that the aromatic ring of phenylalanine can
interact with the cross-strand glycine only
when the backbone of the β strand locally
distorts. Images were created with the
molecular graphics MidasPlus program from
the Computer Graphics Laboratory,
University of California, San Francisco
(supported by NIH RR-01081).
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(a) Ribbon representation of the antiparallel host–guest site in β1. The
central guest position 53 and edge guest position 44 are bordered by
threonine and alanine on the solvent-exposed face of the protein.
(b) Schematic diagram of the hydrogen-bonding pattern of the
antiparallel host–guest site in β1. The backbones of guest positions 44
and 53 hydrogen bond directly to one another. (c) CD of F44G53,
A44G53, F44A53 and A44A53. (d) Thermal denaturation of F44G53 and
alanine-replacement mutants designated as in (c) at 222 nm.
guest site in both orientations (G6F53 and F6G53). Statisti-
cal results suggest that certain pairs of amino acids demon-
strate distinct preferences for either the hydrogen-bonding
or the non-hydrogen-bonding site of a parallel pair [12],
which may reflect the residue-specific rotamer preferences
in each site.
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Figure 3
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(a) Ribbon representation of the parallel host–guest site in β1. Central
guest positions 6 and 53 are bordered by threonine and alanine on the
solvent-exposed face of the protein. (b) Schematic diagram of the
hydrogen-bonding pattern of the parallel host–guest site in β1.
Position 6, the hydrogen-bonding site, hydrogen bonds to the
backbone groups of residues 52 and 54, on either side of its cross-
strand partner, position 53, located at the non-hydrogen-bonding site.
(c) CD of G6F53, F6G53 and G6Y53. (d) Thermal denaturation of G6F53,
F6G53 and G6Y53 designated as in (c) at 222 nm.
The secondary structural content and stability of G6F53
and F6G53 was evaluated by CD with dramatically differ-
ent results for the two orientations. Monitoring the back-
bone structure by far-UV CD, F6G53 presents a spectrum
similar to the parent B1 domain (Figure 3c), suggesting
little or no structural perturbation. By contrast, G6F53 dis-
plays a significantly different spectrum that is indicative of
a much less structured protein. It is interesting to note that
there is an isodichroic point at 206 nm between the spec-
trum of F6G53 and G6F53, which suggests that the G6F53
spectrum is the result of a sum of native and denatured
components; this mutant is unstable and both folded and
unfolded populations are present at 4°C. Near-UV CD
reveals that the aromatic environment of G6F53 has fea-
tures of a folded protein, further suggesting that the
observed signal is a sum of both folded and unfolded con-
tributions (data not shown). The thermal denaturation of
G6F53 demonstrates its extreme instability; at 2°C, G6F53 is
partially unfolded and continues to denature in a less coop-
erative manner than F6G53 as the temperature rises
(Figure 3d). To rationalize the severe discrepancy in sta-
bility between these two mutants, we turned to examples
of glycine–aromatic cross-strand pairs in natural proteins. A
statistical investigation based on proteins whose structures
were solved to high resolution indicates FHBGnonHB to be
prevalent, whereas GHBFnonHB is observed infrequently.
Our experiments suggest that such natural variation can be
explained by extreme differences in stability. Interest-
ingly, however, although GHBFnonHB is unusual, with the
slightly larger aromatic tyrosine, the GHBYnonHB pair is
more frequently observed [12]. It was therefore of interest
to test whether a tyrosine in the non-hydrogen-bonding
site could rescue the instability of the protein due to the
substitution of glycine at the hydrogen-bonding site, by
creating the variant G6Y53. This rescue was successful.
The ability of tyrosine to rescue glycine is illustrated in
the far-UV CD spectrum of G6Y53, which demonstrates
that the protein adopts a fully folded structure similar to
that of F6G53 (Figure 3c) and near-UV CD displays a
folded protein with a highly structured aromatic region
(data not shown). In addition, when we performed thermal
denaturation studies we found that the stability of G6Y53 is
considerably enhanced relative to G6F53, with a Tm of
46°C, within a degree of the Tm of F6G53 (Figure 3d).
Ideally, we would have calculated the energy associated
with such cross-strand pairing by performing the mutant
cycle analysis as described for the antiparallel pair. Unfor-
tunately, mutants in which alanine pairs with glycine in
this parallel site did not express protein (presumably due
to their instability) and it was therefore not possible to
measure thermodynamic cycles for this system. Neverthe-
less, this study clearly demonstrates the site asymmetry
observed between parallel β strands from proteins of
known structure in an experimental system. This has
strong implications in protein design; pairing GnonHB with
FHB or pairing GHB cross-strand with YnonHB allows a
correct register of strands, whereas placement of GHB with
FnonHB may prohibit unwanted strand association. 
Discussion
Model for stabilization of glycine by aromatic sidechains in
βb  sheets
Between antiparallel sheets of a hydrogen-bonding pair
only the g+ χ1 rotamer allows interaction of an aromatic
sidechain with its cross-strand glycine residue (Figure 4a).
Although g+ is the least favored rotamer, it is observed in
natural proteins to facilitate this interaction. In fact, only
glycine can accommodate phenylalanine or tyrosine in this
conformation, as alanine’s methyl group sterically clashes
with the aromatic sidechain. For χ2, the preferred gauche
(g) rotamer places the sidechain parallel to the plane of the
β sheet allowing maximal shielding of the aromatic
sidechain from solvent exposure.
In parallel sheets, the possible positions of the aromatic
sidechain in relation to its cross-strand partner depend
upon which site the aromatic residue occupies. When
glycine or alanine are at the non-hydrogen-bonding site
(Figure 4b), the situation resembles the arrangement
found between antiparallel sheets (Figure 4a). Only a
cross-strand glycine can accommodate phenylalanine or
tyrosine at the g+ χ1 rotamer. Alanine-containing pairs are
observed only with the cross-strand aromatic sidechain in
the g– or trans (t) χ1 rotamers. When glycine or alanine are
at the hydrogen-bonding site, all of the χ1 and χ2 rotamers
of the aromatic sidechain at the non-hydrogen-bonding
site (Figure 4c) can be accommodated. None of the
rotamers allow direct interaction with glycine or alanine. In
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Table 1
Thermodynamic parameters for mutants at the antiparallel site.
Mutant Tm (°C) ∆Hm ∆Gu (25°C) ∆∆Gu (25°C) ∆Gu (346 K) ∆∆Gu (346 K)
A44A53 62.27 ± 0.09 45.5 ± 0.8 3.72 ± 0.09 0 ± 0.2 –1.54 ± 0.03 0 ± 0.06
A44G53 51.41 ± 0.04 39.3 ± 1.8 2.5 ± 0.1 –1.2 ± 0.2 –3.0 ± 0.1 –1.5 ± 0.1
F44A53 64.1 ± 0.1 44.3 ± 1.8 3.7 ± 0.2 0 ± 0.3 –1.22 ± 0.06 0.32 ± 0.09
F44G53 57.2 ± 0.2 39.9 ± 0.9 2.9 ± 0.1 –0.8 ± 0.2 –2.12 ± 0.02 –0.58 ± 0.05
Enthalpy for the unfolding transition and the free energies of unfolding are given in kcal mol–1.
fact, severe distortions from the three typical χ1 rotamers
are observed with glycine. In 1dea, the phenylalanine
sidechain adopts a χ1 rotamer that appears as an average of
the trans and gauche– (g–) χ1 rotamers to allow interaction
with glycine. This unusual distortion is not observed for
alanine-containing pairs, because the alanine methyl pro-
hibits the aromatic sidechain from lying against the sheet.
When cross-strand paired beside glycine in both antiparal-
lel and parallel sheets, aromatic sidechains are observed to
bend over the glycine residue. Furthermore, these
residues have been observed to populate unusual and
unfavorable rotamers when cross-strand paired with
glycine. This results in a decrease in the average solvent-
accessible surface area of the glycine residue by 20 Å2.
From the perspective of the tyrosine sidechain, the pre-
ferred g χ2 rotamer buries approximately 10 Å more
surface area than the t rotamer. As phenylalanine and tyro-
sine have similar χ1 and χ2 rotamer preferences within
extended structure, our observations do not reflect
residue-specific rotamer preferences.
We propose that phenylalanine and tyrosine lie over the
glycine residue and prevent competing water molecules
from hydrogen bonding with the amide and carbonyl
groups of the glycine residue, while at the same time min-
imizing solvent exposure of the aromatic sidechain. This
also explains the destabilization observed in the G6F53
mutant, because the Cα of glycine points away from the
cross-strand phenylalanine. Because the sidechain of tyro-
sine is slightly larger than phenylalanine, it can cover the
glycine residue with less drastic distortions from the popu-
lated χ1 rotamers to yield a stable, folded protein. We
addressed the possibility that additional interactions con-
tribute to the stability of G6Y53. Modelling studies suggest
that the only candidate for interaction is if Y53 adopts the
g– χ1 rotamer, which would potentially allow
hydrogen-bonding interaction with the γ-hydroxyl of 
threonine at position 8. On addition of 0.5 M sodium
sulfate, the stability of G6Y53 increased more than F6G53,
which argues against the presence of such additional
solvent-accessible hydrogen-bonding interactions in
G6Y53. The most likely explanation for the distinct differ-
ence in stability between G6Y53 and G6F53 is increased
area of tyrosine versus phenylalanine resulting from a
hydroxyl. We also note that our experimental observations
are in exact agreement with the distinct statistical prefer-
ence for glycine–tyrosine versus glycine–phenylalanine at
such a parallel site, which lends support to our suggestion
that this is an intrinsic, rather than a site-specific, effect.
In the few examples in natural proteins where phenylala-
nine at the non-hydrogen-bonding site cross-strand pairs
with glycine at the hydrogen-bonding site and appears to
shield the backbone of glycine from solvent, the Cα−Cα
distance between the cross-strand pair is approximately
1 Å closer than the Cα−Cα distance between cross-strand
residues which do not interact (Figure 1c). It has also been
proposed that there may be an additional component to
the observed stabilization: an electrostatic interaction
between the amide of glycine and the negatively charged
ring of the overlying aromatic sidechain [9,16].
In antiparallel β sheets, the favorable interaction energy
between glycine cross-strand paired with phenylalanine
compensates to some extent for the destabilizing effect of
glycine on the overall stability of the protein. Protein
design is guided by incorporating positive design features:
choosing amino acids consistent with the target secondary
structure, placement of these residues to maximize sec-
ondary structure connectivities and maintaining the polar-
ity for solvent exposure and hydrophobic surface burial.
Negative design features prevent unwanted, competing
interactions. In parallel β sheets, therefore, a destabilizing
GHBFnonHB motif may be used to preclude undesired
strand register between β strands arranged in a parallel
454 Folding & Design Vol 3 No 6
Figure 4
(a) Representation of the six sidechain
rotamer positions of a tyrosine cross-strand
paired with an alanine (cyan) at a hydrogen-
bonding pair between two antiparallel
β strands. Backbone hydrogen bonds are
represented by dashed yellow lines. Tyrosine
sidechains are colored by their χ1 and χ2
rotamer positions respectively: green (g+, t),
magenta (g+, g), blue (t, t), orange (t, g), red
(g–, t) and yellow (g–, g). (b) Representation of
the six sidechain rotamer positions of a
tyrosine at the hydrogen-bonding site cross-
strand paired with an alanine (cyan) between
two parallel β strands. Backbone hydrogen
bonds are represented by dashed yellow
lines. Tyrosine sidechains are colored as in
(a). (c) Representation of the six sidechain
rotamer positions of a tyrosine at the non-
hydrogen-bonding site cross-strand paired
with an alanine (cyan) between two parallel
β strands. Backbone hydrogen bonds are
represented by dashed yellow lines. Tyrosine
sidechains are colored as in (a).
fashion. At the same time, YnonHB may serve to target GHB,
rescued from instability only in the correctly folded form.
Materials and methods
Protein purification by ion exchange [3] was followed by gel filtration
chromatography on Hi-Load Superdex 75 (Pharmacia) in 50 mM sodium
acetate buffer, pH 5.2, the buffer in which all CD spectra were acquired.
Far-UV CD spectra were acquired from a 20 µM protein sample in a
cuvette of 0.1 cm path length. We used 50 µM protein sample in a
0.2 cm path length cuvette for thermal denaturations and observed no
variation in denaturation behavior in the 10–250µM concentration range
for all mutants confirming that the proteins are all monomeric under the
conditions used in this study. ∆(∆∆G) calculation was determined by first
calculating ∆G for each mutant at 25°C and 346 K using the equation
∆G (T) = ∆Hm (1–T/Tm) – ∆Cp[(Tm–T) + T ln(T/Tm)] with a published
∆Cp value [4,17] of 621 cal mol–1 K–1. To obtain ∆∆G, the ∆G value of
the A44A53 was subtracted from the ∆G of each mutant. ∆(∆∆G), or
energy of the interaction between Gly and Phe when paired in the
protein, was calculated using the relationship ∆(∆∆G) = ∆∆GGF –
(∆∆GGA + ∆∆GAF) [18,19]. Solvent-accessible surface area of the
glycine residue in β sheets was calculated from β strands of proteins
shown in Figure 1 with phenylalanine as the cross-strand neighbor and
then compared to a mutant in silico where the phenylalanine was
replaced by alanine. The calculated surface area of glycine covered by
phenylalanine compared to alanine is 17.1 Å2 for 1plc residues 82 and
94, 22.3 Å2 for 2fx2 residues 56 and 91, and 17.7 Å2 for 1dea residues
38A and 134A. Models of tyrosine paired with alanine and glycine were
generated on the β strands in β1 at the positions used in this study. The
host site replacements were made preserving the sidechain conforma-
tion of the parent structures. Tyrosine was modelled for positions 44, 6
and 53 with χ1 values of 60°, –60° and 180° for g+, g– and t rotamers
and χ2 values of 0° and 90° for t and g rotamers. Potential hydrogen
bonds were identified with HBPLUS [20]. Solvent accessibility was cal-
culated with the program Access using the extended atomic set and a
probe radius of 1.40 Å [21]. MidasPlus [22,23] was used to show exam-
ples from natural proteins of glycine–aromatic sidechain interactions.
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